Abstract-Recent developments in high-power table-top terahertz (THz) pulse sources enable us to coherently drive low-energy transitions into the nonlinear regime and to study fascinating nonlinear effects in various materials. This paper describes a tiltedpulse-front pumping scheme with a LiNbO 3 crystal to generate intense single-cycle THz pulses. This scheme is capable of generating intense single-cycle THz pulses inducing strong spectral modulations in the excitonic and band-edge absorption of ZnSe/ZnMgSSe multiple quantum wells (MQW). Furthermore, it is shown that a 1 MV/cm electric field of a THz pulse allows us to excite electrons from the valence to conduction band of GaAs/AlGaAs MQW and observe a bright exciton luminescence.
During the past two decades, the advent and development of efficient THz pulse sources relying on the frequency conversion of femtosecond lasers have enabled time-domain spectroscopy (TDS) [1] [2] [3] [4] [5] . This technique makes use of subpicosecond pulses of freely propagating electromagnetic radiation in the THz range and enables characterizing of the complete electric field of a THz pulse to yield full phase and amplitude information by using photoconductive [6] [7] [8] [9] and free-space electro-optic sampling (EOS) [10] [11] [12] [13] [14] . The complex dielectric function of a sample in the beam path can, thus, be determined directly without having to rely on Kramers-Kronig relations. This is an advantage over typical detectors that measure only intensity, e.g., liquid-helium cooled bolometers or pyroelectric detectors, and it can also yield very high signal-to-noise ratio measurements because of its insensitivity to the blackbody radiation of the environment. The two main methods of generating THz pulses with femtosecond lasers were established early on and are still the most widely used: photoconductive switches [8] , [15] , [16] and optical rectification (OR) [10] . Initially, the available frequency spectrum that could be generated and detected in the time domain was limited to a few THz. Advances in the generation and detection of broadband THz pulses have pushed this limit into the midinfrared and recently into the near-infrared, reaching frequencies beyond 100 THz (λ = 3 μm) [17] [18] [19] [20] [21] .
Accordingly, owing to the development of sources and detectors of coherent THz pulses, much progress has been made in the past decades in understanding the physics of elementary electronic excitations. TDS not only allows for characterization of various energy modes under steady-state conditions, but also inherently suited for nonequilibrium measurements: an optical pulse can be used to excite charge carriers and the subsequent evolution of these carriers can be monitored with a time resolution on the order of tens of femtoseconds [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Moreover, laser-based high-power THz pulse sources in the microjoule range were recently developed and their strong electric fields can be used to excite samples that have resonances or other spectral features in the THz frequency range [31] [32] [33] [34] . In addition, table-top THz sources have many promising applications such as in large-scale object imaging, medical diagnosis and treatment, and remote sensing for security purposes [35] [36] [37] . Very high average power continuous wave (cw) sources such as nanosecond gas lasers and free-electron lasers have even enabled studies of nonlinear effects in the THz range [38] [39] [40] [41] [42] [43] . Moreover, laser-based strong THz radiation at frequencies of 20-80 THz can be generated by difference frequency mixing in GaSe crystals [44] [45] [46] , and peak electric fields of up to 100 MV/cm can be obtained in a multioscillation cycle regime centered around 40 THz [45] , and up to 10 MV/cm in a single-oscillation cycle regime centered around 20 THz [46] .
Nonetheless, the generation of high-power THz single-cycle pulses above 1 MV/cm in the range of 0.1-10 THz, the so-called THz gap, is still challenging, due to the limited availability of appropriate THz emitters. Only recently, 1 MV/cm single-cycle pulses at a 0.8 THz central frequency have been demonstrated by OR in LiNbO 3 by using the tilted-pulse-front technique (which will be discussed in this paper) [33] , [34] , [47] , [48] . Other laser-based approaches like laser-plasma-based techniques have led to the generation of THz-pulse electric fields as high as a hundred of kilovolts per centimeter, with bandwidths up to 75 THz [49] [50] [51] [52] [53] . THz pulse generation in plasmas, unlike typical nonlinear crystal-based techniques, does not suffer from a damage threshold for the emitter or material absorptions such as optical phonons limiting the available bandwidth of the pulses. Conversely, THz pulses can also be detected in gases by using THz-induced second-harmonic generation (SHG) or fluorescence [54] [55] [56] [57] [58] . Organic nonlinear crystals called DAST have also been proposed as efficient table-top THz emitters. THz pulses at a central frequency of 2.1 THz with a 1 MV/cm electric field strength can be generated by OR in a crystal pumped at the signal wavelength of a powerful optical parametric amplifier utilizing a multi-mJ Ti:sapphire laser system operating at 100 Hz [59] .
The remainder of this paper details a tilted-pulse-front pumping (TPFP) scheme using a LiNbO 3 (LN) crystal to generate intense single-cycle THz pulses [48] . It shows that intense single-cycle THz pulses induce strong spectral modulations in the excitonic and band-edge absorptions of ZnSe/ZnMgSSe multiple quantum wells (MQW) [60] . Furthermore, it is indicated that a 1 MV/cm electric field of a THz pulse allows us to excite electrons from the valence band to the conduction band of GaAs/AlGaAs MQW and observe exciton luminescence [61] .
II. INTENSE THZ PULSE GENERATION
Hebling et al. proposed a tilted-pulse-front pumping scheme for efficient phase-matched THz pulse generation using stochiometric LiNbO 3 (LN) crystals [47] . Since then, LN has become a widely used material for high-power THz generation with OR [33] , [34] , [48] , [62] [63] [64] [65] [66] [67] [68] [69] [70] . In addition to its large effective nonlinearity, LN has a band gap much larger than that of semiconductors that allows only three-photon absorptions to be effectively used at a pump wavelength of 800 nm. This allows for high pump intensities, essential for high-energy THz pulse generation. Nonetheless, the THz refractive index of LN, at around 5, is significantly larger than the optical group index at around 2, and therefore, no collinear velocity matching is possible. In bulk LN, single-cycle THz pulses with high conversion efficiency can be generated by using the TPFP with noncollinear velocity matching, as described in the following section. 
A. Cherenkov Radiation From Femtosecond Optical Pulses in a LiNbO 3 Crystal
In the Cherenkov geometry [see Fig. 1(a) ], which was first used for THz generation by OR [10] , [71] , [72] , THz radiation from bulk LN or LiTaO 3 is generated by OR of a femtosecond near-infrared (NIR) pump pulse with a tight point or line focus [73] , [74] . The generated THz radiation propagates along a cone with an angle θ c determined by
where v ph THz and v g NIR are, respectively, the phase velocity of the generated THz radiation and the group velocity of the pump pulse, and n THz and n g NIR are, respectively, the refractive index in the THz range and the group index of the NIR pump pulse. Because the refractive index in the THz range is more than two times larger than the one in the visible, the angle of the THz radiation will be as large as around 60
• . Such a propagation characteristic makes it very difficult to collect THz radiation for applications.
In particular, as for any nonlinear optical frequency conversion process involving a long interaction length, for OR a phasematching condition between the frequency components involved has to be fulfilled in order to obtain the largest conversion efficiency. Specifically, for collinear geometry the phase-matching condition requires the group velocity of the pump pulse to be equal to the phase velocity of the generated THz radiation [5] :
This should further require the equality of the corresponding indices: It is obvious that the large difference of refractive indices makes velocity matching impossible in such important wide band gap dielectric materials as LN.
B. Principle and Realization of Tilted-Pulse-Front Excitation
In the TPFP, the THz radiation generated by the tilted pulse front of the pump propagates perpendicularly to this front [see THz , according to Huygens' principle. This leads to a noncollinear propagation geometry, where the angle between the propagation directions of the THz radiation and the pump pulse is equal to the tilt angle γ c of the pump pulse front relative to the pump phase fronts (which is perpendicular to the pump propagation direction). The THz wave propagates with a fixed phase relative to the pump pulse front if the following velocity-matching condition is fulfilled:
In the case of LN where
THz , (4) can be fulfilled by choosing an appropriate pulsefront-tilt angle γ c . To achieve noncollinear velocity matching, a tilt angle as large as around 60
• is necessary inside the LN crystal because n ph THz (∼5) is much higher than n g NIR (∼2) [66] . Such a large angle can be realized by using a grating and two cylindrical lenses, as shown in Fig. 2 
(a) and (b).
Consider the pulse front of the pump beam of a "single wavelength" incident on a diffraction grating at an angle α and diffracted at an angle β [see Fig. 2(a) ]. The single wavelength component will acquire a tilt angle due to the difference (Q + R) in path lengths between the edges of the diffracted beam spot s. One can calculate the tilt angle γ of this single wavelength component of the pulse front incident on the grating as The denominator of (5) corresponds to the grating equation
where m and p are, respectively, the diffraction order and groove density of a grating, and λ 0 is the central wavelength for the pump pulse. The tilt angle γ 1 of the pulse after a two-lens telescope with a magnification M g = f 2 /f 1 can be also expressed by [see Fig. 2 
The magnification M g can be also defined by M g = s 1 /s, and thus expressed by the following equation:
By using (5)- (8) and considering that the pulse front length decreases in the LN crystal, i.e., t 1 = t/n g NIR , the tilt angle γ c in LN can be derived as follows:
The THz polariton generated by the tilted pulse front of the pump propagates perpendicularly to the front in the LN crystal [see Fig. 1(b) ], and it is coupled out into free space through the surface of the crystal cut at the tilt angle θ LN (=γ c ) [see Fig. 2(b) ]. Fig. 3 shows the TPFP scheme for THz pulse generation and detection using electro-optic (EO) sampling [48] . The source is an amplified Ti:sapphire laser (pulse energy 4 mJ, FWHM 85 fs, central wavelength 780 nm, repetition rate 1 kHz). The EO sampling uses optical pulses from an 80-MHz oscillator synchronized with the amplified pulses.
C. THz Generation and Detection Setup
The intensity front of the pump pulse is tilted with a grating. A pair of cylindrical lenses in the 4f -lens geometry is used to tilt the pulse more [see (7)] and to image the pump spot onto the LN crystal (horizontal magnification M g : 0.6) [69] . The angles of the incident and first-order diffracted beams are set to α = 35.3
• and β = 55.7
• to get a tilt angle θ c of 62
• and ensure efficient generation around 1 THz. A λ/2 plate changes pump beam from horizontal (for which the grating has high efficiency) to vertical polarization aligned with the optic axis of the LN crystal (not shown in Fig. 3) ; the d 33 EO tensor component of LN is the largest. The beam is focused onto the crystal by using three off-axis parabolic mirrors PM1, PM2, and PM3. Fig. 4(a) shows the temporal profile measured with a 300-μm-thick GaP detection crystal. Here, six high-resistivity Si attenuators were put in front of the crystal to reduce the field amplitude. The maximum modulation of balanced photodetector signals measured at the peak THz field was 0.44; this value corresponds to an electric field of 1.2 MV/cm without Si attenuators. The inset shows a THz image at the focus after PM3. The spectrum [see Fig. 4(b) ] has a maximum around 0.8 THz and has water-vapor absorption lines (no dry air purging).
An uncooled microbolometer THz camera (NEC Corporation, IRV-T0830) picked up the intensity image from pulses passing through a 300-GHz-width band-pass filter for 1 THz (Murata Manufacturing Co., Ltd., MMBPF40-1000). The small spot (FWHM intensity: 300 μm) is near the diffraction limit. The total pulse energy was estimated to be ∼2 μJ by integrating the THz intensity temporally and spatially [75] , and the energy conversion efficiency was ∼10 −3 .
III. NONPERTURBATIVE EXCITONIC INTERACTION WITH INTENSE THZ PULSES
The nonlinear interaction of matter with strong, oscillating electric fields has attracted considerable attention because of [40] , [42] , [76] , and electromagnetically induced transparency [79] . Even in nonresonant situations, atomic systems subjected to high-intensity laser excitation exhibit extreme nonlinear phenomena such as above-threshold ionization [80] and high-order harmonic generation [81] [82] [83] [84] [85] , and these phenomena cannot be described by perturbation theory.
The key concept behind these nonperturbative phenomena is ponderomotive energy, which is the cycle-averaged kinetic energy of an electron wiggling in an oscillating electric field [86] , i.e.,
where E is the electric field amplitude of the incident laser pulse, e is the elementary charge, m * is effective mass, and ω/2π is the laser field's frequency. Since ponderomotive energy increases quadratically with the inverse square of frequency, even small photon energies can enhance nonperturbative effects. A THz electric field could make the poderomotive energy larger than that of a visible light source. A lower effective mass in semiconductors could also enhance it [87] . Fig. 5(a) illustrates the THz-pump and optical-probe experiment using the TPFP technique. The MQW sample was grown on a (1 0 0) GaAs substrate; the MQW consisted of 30 repetitions of 5-nm-ZnSe wells and 30-nm-ZnMgSSe barriers. Fig. 5(b) shows the THz temporal profile measured via EO sampling. The THz-pulse beam at the focus was set to 1.5 mm in diameter using a 90
• off-axis parabolic mirror (focal length: 100 mm). The maximum field at this position was about 68 kV/cm. For the probe pulse, we used a white-light continuum generated by focusing a small portion of the laser pulses into a 10-mm-thick quartz cell containing water. The resulting continuum spectrum ranged from the visible to near-infrared. Fig. 5(d) presents the differential absorption spectrum as a function of optical energy and delay between the THz-pump and optical-probe pulses. Fig. 5(c) shows the optical absorption spectrum with the THz pump OFF and ON (i.e., at pump-probe delays of −1.8 and 0 ps). The absorption peaks at 2.86 and 2.89 eV in the pump-off spectra in Fig. 5(c) are, respectively, due to n = 1 heavy-hole (hh) and light-hole (lh) excitonic absorptions. These excitonic resonances are strongly modulated and suppressed by the THz pump. The absorption increases below the band edge of the ZnMgSSe (bulk barrier layer) and above 2.92 eV. This behavior is attributed to the dynamical Franz-Keldysh effect (DFKE) [88] [89] [90] .
The suppression of excitonic absorptions in Fig. 5 (c) indicates that the THz electric field distorts the Coulomb potential between the electron and hole of the exciton and widens the Coulomb well, which induces the 1s level to shift to lower energies. Fig. 6 shows the peak energy shift of the hh-and lhexcitonic absorptions. The peaks redshift monotonously until ∼40 kV/cm, at which point the redshift changes to a blueshift.
The perturbative Stark-effect theory is applicable in the weakfield limit up to ∼40 kV/cm. The departure of the experimental data from the quadratic Stark shift at stronger fields and the appearance of a blueshift imply competition between two different nonperturbative phenomena: 1) the high THz field exceeds the electric field necessary to ionize the hh exciton (estimated from E B /ea B to be ∼44 kV/cm), and thus, the THz field dominates the excitonic Coulomb potential and induces the mixing of excitonic states with continuum states; 2) The DFKE causes a blueshift of the band-edge of the 2-D electronic continuum states [88] .
The optical temporal response of excitons in quantum wells to the THz pulses may be able to be exploited for ultrafast optical modulation. Fig. 7 compares the temporal profiles of the absorption change in the vicinity of the hh exciton (at 2.86 eV) and the absolute value of the pulse's electric field. The change follows the temporal profile rather closely. Theory based on a 1-D exciton predicts that the effective response time is just the exciton dephasing time and is the reciprocal of homogeneous broadening [91] . The dephasing time at zero field has been measured by femtosecond four-wave mixing to be ∼450 fs [92] , and it would be shortened by applying a THz field. Thus, the subpicosecond electroabsorption response time for excitons implied by the data of Fig. 7 is reasonable. The efficient modulation of the excitonic absorption and the short response time are promising for Tbit/s wireless transmission systems.
IV. CARRIER GENERATION BY INTENSE THZ PULSE EXCITATION
Cutoff frequencies of electronic devices are getting close to 1 THz, and carriers may experience electric fields up to 1 MV/cm. In fact, metal electrodes with a 10 nm gap would have such a high field between them if a bias voltage of 1 V were applied. This means that the high-field nonlinear transport properties of semiconductors can no longer be ignored in engineering [93] [94] [95] [96] . Although the high-field properties that affect transport on the nanometer and ultrashort time-period scales are not well understood, they can be investigated with intense THz pulse sources [97] [98] [99] [100] [101] [102] [103] .
Carrier multiplication via impact ionization under high electric fields underlies many nonlinear transport phenomena. It plays a key role in conduction breakdown in transistors [93] , [104] , [105] , in the avalanche effect in single-photon detectors [106] , and in the workings of electroluminescent emitters [107] [108] [109] and solar cells [110] [111] [112] . In the process [94] illustrated Fig. 8(a) , a highly energetic conduction-band electron (e 11 ) colliding with a valence-band electron yields two conduction electrons (e 12 + e 22 ) and a hole (h 21 ). The electron e 11 gains energy in the strong electric field, and this energy gain implies that carriers driven without being affected by incoherent phonon scattering acquire enough kinetic energy to trigger a series of impact ionizations, i.e., carrier multiplication.
Meanwhile, electrons in the conduction band of GaAs move ballistically without incoherent LO-phonon scattering for hundreds of femtoseconds (115 fs, ω LO = angular frequency of the LO phonon) [97] . Carriers accelerated ballistically on ultrashort timescales can, therefore, be expected to gain kinetic energy more efficiently and thereby trigger carrier multiplication. However, insufficiently strong THz pulses generate few carriers [101] , and various additional phenomena induced by them, such as phonon absorption [102] , intervalley scattering [98] , and exciton dissociation [60] , [113] , obscure the carrier multiplication.
We developed an experimental scheme for studying carrier multiplication in nominally undoped GaAs MQW [see Fig. 8(b) ]. Carrier multiplication was induced by irradiating the QWs with a nearly half-cycle THz pulse (1 ps, max. electric field: 1.05 MV/cm) [48] (see Fig. 4 ). The electric field was perpendicular to the stacking direction (1 0 0) of the sample. The field ionization due to the THz pulses accelerates electrons from residual impurity donors along the Δ line around the Brillouin zone center (Γ point) in momentum space [see Fig. 8(b) ] [114] . When the electric field reaches certain strength, the electrons acquire enough energy to induce several impact ionizations and produce many electron-hole (e−h) pairs that go on to form excitons around the Γ point. The impulsive electric field allows unbound e−h pairs to form excitons that decay radiatively because the electric field that would otherwise ionize the exciton is absent just after the pairs are generated [115] . Luminescence from the excitons is detected by a liquid-nitrogen-cooled CCD camera [see Fig. 8(b) ]. Fig. 9 (a) shows that THz pulses with different field strengths induce NIR luminescence centered around 1.55 eV from MQW at 10 K, even though the central photon energy of the pulse (∼4 meV) is about 390 times lower than the luminescence photon energy (see Fig. 4 ), and the luminescence intensity drasti- cally decreases as the electric field ε decreases. Since luminescence is proportional to the created e − h pair density [116] , the generated carrier density N can be estimated by comparing the luminescence measurement with optical pulse excitation measurements. The carrier density N plotted as a function of THz pulse fluence I is extremely nonlinear and roughly proportional to I 4 (∝ε 8 ) [see Fig. 9(b) ]. The minimum and maximum fluences correspond to 0.47 and 1.05 MV/cm, and the carrier density increases over this range by about three orders of magnitude. As shown in Fig. 9(a) , the spectral shapes are almost the same, and the peak photon energies are near the hh exciton absorption peak.
We can attribute the substantial numbers of carriers to carrier multiplication triggered by impact ionizations rather than to Zener tunneling because the tunneling occurring under a 1 MV/cm dc electric field lasting 1 ps can account for only a small amount of the e − h pairs (10 11 cm −3 ) [117] . In the impact ionization process, an electron in the conduction band (e 11 ) gain kinetic energy from the electric field creates an electron (e 12 ) plus an e − h pair (e 22 
This process is possible only if the electron has a threshold kinetic energy higher than the band gap E g of 1.52 eV. As shown in Fig. 8(a) , if an electron released from an impurity donor is accelerated to the threshold kinetic energy, it can create an e−h pair. Subsequently, both the electron that lost energy to create the e − h pair and the created e − h pair could, in turn, gain energy from the field. This process can continue as long as the electric field of the THz pulse remains sufficiently strong, and so, comparably few impact ionization events can nonetheless produce numerous e − h pairs [see Fig. 10(a) ].
These multiplication dynamics can be compared with experimental observation. As can be seen from (11), an electroninitiated impact ionization event doubles the number of electrons. That is, given an initial electron density N 0 , the electron and hole densities after n I impact ionization events are, respectively, N 0 × 2 n I and N 0 × (2 n I − 1). Thus, the increase in impact ionizations Δn I due to the electric field changing from ε min = 0.47 to ε max = 1.05 MV/cm is log 2 (N (ε max )/N (ε min )) ∼9 [see Fig. 10(b) ]. That is, at least nine impact ionizations on average occur within the 0.5-ps duration of the positive lobe of the THz pulse. Hence, the impact ionization rate γ I at the maximum electric field is approximately 9/0.5 × 10 −12 -2 × 10 13 s −1 . The experimentally obtained impact ionization rate γ I can be quantitatively compared with a simple theoretical prediction whereby the electron motion in an electric field follows the dispersion of the band structure in momentum space:
where e is the electron charge and is Planck's constant. Here, the electric field of a pulse reflected a number of times inside the sample. The change in wavenumber k(t) during the pulse is calculated assuming that the electrons lose all their kinetic energy when they reach the average wavenumber ±2.77 × 10 9 m −1 , that is, an infinite impact ionization rate. The theoretical increase in number Δn I from ε min = 0.47 to ε max = 1.05 MV/cm is n I (ε max ) − n I (ε min ) = 12, which is close to the experimentally obtained Δn I , and this confirms the experimentally derived γ I of ∼10 13 s −1 . We can also analyze the carrier density with a finite impact ionization rate using the Keldysh formula [118] γ cal I = C (E − E th ) 2 , E > E th .
The corresponding values for electrons are taken from [118] : C = C 0 = 870 ps −1 ·eV −2 and E th = 1.7 eV. As shown in Fig. 10(b) , putting C = 5C 0 in (13) (blue two-dot-dashed line) reproduces the experimentally observed carrier density and is close to the curve for the infinite rate (gray solid line). Here, γ cal I is 2.5 × 10 14 s −1 [derived by using (13) with C = 5C 0 and E = 1.94 eV at the maximum first-conduction-band energy between the Γ and X points; see Fig. 8(a) ]. The experimentally obtained value (γ I ∼ 10 13 s −1 ) is almost ten times smaller because electrons took time to accelerate to E th .
We demonstrated extraordinarily high carrier multiplication in GaAs subjected to a THz pulse of a strong electric field; the carriers increased by about three orders of magnitude. The increase can be explained with a phenomenological impact ionization model including electron motion in k-space with a pristine band structure. A full quantum kinetic treatment of carrier dynamics in a band structure modified by an intense THz electric field should be performed to reveal the microscopic origin of the carrier multiplication [119] [120] [121] . Our findings of efficient ultrafast carrier multiplication bode well for future ultrahigh-speed device applications such as high-quantumefficiency THz-biased avalanche photodiodes that have femtosecond resolution and are sensitive to a single photon. They may also lead to more efficient electroluminescent and photovoltaic nanoscale devices.
V. CONCLUSION
The TPFP using a LiNbO 3 crystal can generate intense singlecycle THz pulses whose nonlinear interaction with semiconductors may have many novel applications. In particular, intense single-cycle THz pulses induce strong spectral modulations in the excitonic and band-edge absorption of ZnSe/ZnMgSSe MQW. Furthermore, the extremely high (1 MV/cm) electric field of a THz pulse allows us to excite electrons from the valence to conduction band of GaAs/AlGaAs MQW and observe exciton luminescence.
